The microtubule-associated protein tau plays a central role in the pathogenesis of Alzheimer's disease (AD) and abnormally accumulates as neurofibrillary tangles, therefore the pathways by which tau is degraded have been examined extensively. In AD brain tau is abnormally truncated at Asp 421 (tauΔC) which increases its fibrillogenic properties, and results in compromised neuronal function. Given the fact that the accumulation of tauΔC is a pathogenic process in AD, in this study we examined whether fulllength tau and tauΔC are degraded through similar or different mechanisms. To this end, a tetracycline-inducible model was used to show that tauΔC was degraded significantly faster than full-length tau (FL-tau). Pharmacological inhibition of the proteasome or autophagy pathways demonstrated that that while FL-tau is degraded by the proteasome, tauΔC is cleared predominantly by macroautophagy. We also found that tauΔC binds C-terminus of Hsp70 Interacting Protein (CHIP) more efficiently than tau. This interaction leads to an increased ubiquitylation of tauΔC in a reconstituted in vitro assay, but surprisingly tau (full length or truncated) was not ubiquitylated in situ. The finding that tauΔC and FL-tau are differentially processed by these degradation systems provides important insights for the development of therapeutic strategies which are focused on modulating degradative systems to preferentially clear pathological forms of the proteins.
The microtubule-associated protein tau plays a central role in the pathogenesis of Alzheimer's disease (AD) and abnormally accumulates as neurofibrillary tangles, therefore the pathways by which tau is degraded have been examined extensively. In AD brain tau is abnormally truncated at Asp 421 (tauΔC) which increases its fibrillogenic properties, and results in compromised neuronal function. Given the fact that the accumulation of tauΔC is a pathogenic process in AD, in this study we examined whether fulllength tau and tauΔC are degraded through similar or different mechanisms. To this end, a tetracycline-inducible model was used to show that tauΔC was degraded significantly faster than full-length tau (FL-tau). Pharmacological inhibition of the proteasome or autophagy pathways demonstrated that that while FL-tau is degraded by the proteasome, tauΔC is cleared predominantly by macroautophagy. We also found that tauΔC binds C-terminus of Hsp70 Interacting Protein (CHIP) more efficiently than tau. This interaction leads to an increased ubiquitylation of tauΔC in a reconstituted in vitro assay, but surprisingly tau (full length or truncated) was not ubiquitylated in situ. The finding that tauΔC and FL-tau are differentially processed by these degradation systems provides important insights for the development of therapeutic strategies which are focused on modulating degradative systems to preferentially clear pathological forms of the proteins.
Alzheimer's disease (AD) is characterized by the gradual onset of dementia manifested as amnesia, cognitive decline, aphasia, and eventually an inability of an afflicted individual to carry out everyday activities (1) . The primary pathological hallmarks of AD are plaques composed of beta-amyloid (Aβ) and neurofibrillary tangles (NFT's) composed of the microtubule-associated protein tau (2) . Tau has been shown to self-assemble in vitro (3) and in situ (4) into microscopically visible aggregates. This propensity for self-assembly is enhanced when tau is either pathologically phosphorylated (5), pseudophosphorylated (6) , or cleaved by caspases in the C-terminus at Asp 421 (7) . In addition to visible aggregates, electron microscopy studies have revealed the existence of premicroscopically visible forms of tau self-assembly, which are in a more soluble state than the microscopic aggregates (8) . The existence of these oligomeric soluble forms, combined with the observations that: 1) in a tauopathy mouse model, the toxic agent is in a soluble form (as opposed to an insoluble tangle) (9) , and 2) in a related neurodegenerative aggregation disease, visible aggregates are actually cytoprotective (10) suggests that these soluble oligomeric forms of tau may be the toxic agents of tauopathies. More strikingly, other work has shown that the expression of tau is critically important for the sensitization of neurons to Aβ-induced cell death in both a neuron model (11) as well as Aβ-induced memory loss in the mouse (12) . In addition, a recent work (13) has placed the cleavage of tau at Asp 421 early in the pathological cascade leading to neurofibrillary tangle formation.
Tau truncated at Asp 421 due to caspase cleavage (tauΔC) is present in AD brain (7) and previous studies have demonstrated the aggregative and toxic nature of tauΔC (7, 14) . Our recent studies have also determined that the truncation of tau at Asp 421 modulates its ability to bind microtubules and influence their stability (15) . It also sensitizes cells to thapsigargininduced cell death (16) and mitochondrial dysfunction (17) . This tauΔC-induced sensitization to stressors occurs in the absence of microscopically detectable aggregates (17) and thus may indicate that it is an early, contributing event in AD pathogenesis. Given the toxic nature of tauΔC, it is of critical importance to understand the pathways that regulate its turnover and clearance from the cell. The co-localization of ubiquitin with NFTs in AD brain was first reported more than 20 years ago (18) . These early findings demonstrating the presence of ubiquitin immunoreactivity at the level of the NFTs was in part the impetus for subsequent studies investigating the potential role of the proteasome system in mediating tau degradation both in physiological and pathological conditions. However, the findings have not been conclusive as they are sometimes seemingly contradictory. Tau has been described as a proteasomal substrate, degraded both through ubiquitin-dependent (19, 20) and -independent (21, 22) means. Tau's interaction with the cochaperone C-terminus of Hsp70 Interacting Protein (CHIP) has been well documented (19, 20, 23) , and either overexpression (24) or ablation (25) of CHIP have been shown to lead to changes in tau stability. In general CHIP appears to be involved in enhancing cell survival and attenuating cell death in response to cell stress including ischemic insult (26) and heat shock (27) . CHIP has been suggested to be an E3 ligase of tau (19, 20) , though it is important to note that the particular E2 activating enzyme involved in the E2/CHIP partnership may differentially drive CHIP's enzymatic activity (28) .
In AD neurons there is an accumulation of autophagic vacuoles (AVs) (29) . This finding of AV accumulation is coupled with indications of disruptions in the macroautophagic pathway, including lowered Beclin-1 levels and structural perturbations to lysosomal morphology (30) . Tau has previously been described as a substrate of lysosomal degradation (31) , and more recently as a substrate of autophagy (32, 33) (and more specifically, chaperone-mediated autophagy (34) ). Despite these findings, the initiating events and pathways that regulate the proteasomal or lysosomal degradation of tau have not been clearly described.
In this study we found that a C-terminallytruncated form of tau which mimics tau cleaved at Asp 421 (tauΔC) is removed from the cell much more rapidly than full-length tau (FL-tau), and that the removal of tauΔC from the cell is driven by macroautophagic and lysosomal mechanisms, whereas FL-tau degradation is more dependent on the proteasome. We also found that tauΔC more strongly interacts with CHIP compared with fulllength tau, and that CHIP preferentially directs the ubiquitylation of tauΔC in vitro. However, we found that neither full-length (FL-tau) nor tauΔC are ubiquitylated in situ. Given this data, and the known differences in folding state and aggregative potential (35) between FL-tau and tauΔC, we propose that the loss of the last 20 amino acids that occurs during AD progression may cause a "switch" between the proteasomal and autophagic degradative pathways, and could account for the evidence suggesting the involvement of both pathways in the degradation of tau.
EXPERIMENTAL PROCEDURES
Reagents and antibodies -Epoxomicin, 3-methyladenine (3-MA), and bafilomycin A1 were purchased from Calbiochem. Chloroquine and resazurin were purchased from VWR. Recombinant E1, UbcH5b, HA-ubiquitin, and Hsp70 were purchased from Boston Biochem. The Tau5 antibody was kindly provided by Dr. L Binder (36) , and the polyclonal tau antibody was purchased from Dako. The HA antibody HA-7 (Sigma) was used for immunoprecipitation, and the polyclonal HA antibody used for immunoblotting was purchased from Abcam. Other antibodies used were anti-CHIP (Calbiochem), anti-β-actin (Chemicon), anti-myc clone 9B11 (Cell Signaling), anti-LC3 (Calbiochem), anti-p62 (Biomol), and antiHsc/p70 (Assay Designs). Plasmids and recombinant protein-The plasmid for myc-CHIP was a gift from Dr. Douglas Cyr. The plasmid for HA-ubiquitin was a kind gift from Dr. Scott Wilson. To make the plasmid for GFP-LC3, RNA was extracted from naïve CN 1.4 cells (37) using Trizol (Invitrogen) according to the manufacturer's protocol. cDNA was created by reverse transcription using Superscript III (Invitrogen), and PCR was performed. The product was digested and inserted into the EcoRI site of pEGFP-C1. To make GST-CHIP, a cassette containing CHIP was subcloned from myc-CHIP.pCMV, digested, and inserted into the BamHI and EcoRI sites of pGEX-6P-2. The identities of all constructs were confirmed by DNA sequencing. Protein purification was performed exactly as described (38) . Cell culture and transfections-Immortalized CN1.4 mouse cortical neurons (CN) that stably express inducible forms of FL-tau (containing four microtubule repeats and no N-terminal inserts) and tauΔC (truncated at Asp 421 ) have been described previously (16, 39) . Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% Fetal Bovine Serum (FBS) and 2 mM L-glutamine. HEK 293-TN cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% Fetal Clone II and 2 mM L-glutamine. Cells were maintained at 33°C in a humidified atmosphere containing 5% CO 2 .
To induce the expression of tau, the stably transfected cells were seeded on 60 mm dishes for 36 h before being treated with doxycycline. The amount of doxycycline used to induce tau expression was experimentally optimized to result in equivalent levels of tau expression between cell lines, and ranged from 0.5-2 μg/mL. After 12 h, the cells were moved to 37°C and the culture media replaced with DMEM supplemented with 1% FBS, 2 mM L-glutamine, and doxycycline, and the cells were cultured for an additional 36 h. For degradation experiments, at time=0 the doxycycline-containing media was removed, the cells carefully washed twice with pre-warmed PBS, and replenished with doxycycline-deficient media.
Transient transfections were performed using Lipofectamine 2000 (Invitrogen) following manufacturer protocols. Cells were cultured for 48 h after transfection before use. Cell lysis, immunoprecipitation, and immunoblotting-For direct blotting of lysates, the cells were collected in RIPA buffer (50 mM TrisHCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40 (NP40), 5 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS) containing 1 mM phenylmethylsulfonyl fluoride and 10 μg/ml each of aprotinin, leupeptin, and pepstatin, and the cells were briefly sonicated and centrifuged at 20,000g for 10 min at 4°C. Protein concentration was determined by the bicinchoninic acid (BCA) assay, and samples were prepared for immunoblotting by dilution in 2x sample buffer (0.25 M Tris-HCl, pH 7.5, 2% SDS, 25 mM dithiothreitol, 5 mM EDTA, 5 mM EGTA, 10% glycerol, and 0.01% bromphenol blue).
For immunoprecipitation (IP), the cells were collected in IP lysis buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.2 mM sodium vanadate, 0.5% NP40), containing 1 mM phenylmethylsulfonyl fluoride, and 10 μg/ml leupeptin, aprotinin, and pepstatin. After sonication, centrifugation, and determination of protein content, the samples were diluted to 1 mg/mL with IP lysis buffer. The cells were incubated with mouse monoclonal Tau5 or HA antibodies preconjugated with sheep anti-mouse magnetic beads (Dynal) for 3h on a rotational shaker at 4°C. After incubation, the beads were washed either four times with low stringency wash buffer (PBS supplemented with 300 mM NaCl and 0.5% NP-40) or seven times with high stringency wash buffer (50 mM Tris-HCl, pH 7.4, 1.1M NaCl, 1% NP-40, 0.1% SDS, and 1 mM EDTA) before elution with 2x sample buffer.
For immunoblotting, samples were resolved on 7.5% or 10% polyacrylamide gels and transferred to nitrocellulose membranes. After a 1 h incubation in 5% non-fat dry milk in TBST (20 mM Tris-HCl, pH 7.6, 137 mM NaCl, and 0.05% Tween 20), blots were incubated overnight with primary antibody. Blots were washed with TBST, and incubated with a secondary antibody for 1 h. After thorough washing with TBST, blots were developed with chemiluminescence (40) . In vitro ubiquitylation-FL-tau or tauΔC were immunoprecipitated from cells incubated with doxycycline, and the immunoprecipitates were washed with high stringency wash buffer, before a final wash in assay buffer (50 mM Tris-HCl, pH 7.5, 2.5 mM MgCl 2 , 2 mM DTT). The ubiquitylation was then carried out essentially as described (41). The magnetic beads were then incubated with combinations of recombinant Hsp70 (1 μg), HA-ubiquitin (10 μg), E1 (200 ng), UbcH5b (400ng), and CHIP (1 μg), and ATP (2 mM) in a final volume of 50 μl. The samples were incubated for 15 or 60 min. To stop the reactions, 2x sample buffer was added and the samples were boiled. Viability determination-For the determination of cell viability, cells were seeded in 12-well dishes and cultured as described. Cells were incubated in 400 μM resazurin for one hour, and fluorescence was measured using a plate reader (BioTek Synergy HT Multi-Detection Microplate Reader) at excitation/emission wavelengths of 530/590 nm. Proteasome activity assay-Cells were collected and lysed in IP lysis buffer as described. Protein content was determined using the BCA method, and equal amounts of protein were incubated with 25 μM of the proteasome substrate Bz-VGR-AMC (Biomol), an indicator of trypsin-like activity. Fluorescence output was measured kinetically at excitation/emission wavelengths of 360/460nm. To determine the specificity of the substrate for proteasome activity, parallel samples were spiked with 1 μM epoxomicin. Imaging and autophagic measurements-Cells were seeded on 35 mm glass-bottom dishes, transfected with GFP-LC3, and cultured as described above. Images were captured with an AxioCamMR3 camera (Zeiss Corp., Thornwood, NY, USA) connected to a Zeiss Axio Observer D1 microscope with an EC Plan-Neofluor 40X/1.3 oil M27 objective and exported in TIFF format using AxioVision software. Determination of autophagic phenotype was determined as described (42, 43) . Briefly, cells were treated in either complete media or Hank's Balanced Salt Solution (HBSS) supplemented with 20 nM bafilomycin A1 to induce maximal numbers of GFP-LC3 punctae. The number of punctae per cell was counted for each condition to determine a threshold autophagy level. Cells with >30 punctae/cell were scored as 'autophagic' and cells with <30 punctae/cell were scored as 'non-autophagic.' Statistics-Degradation rates (Figs. 1-3) were analyzed using one-way ANOVA and post-hoc ttests. Comparisons in Fig. 6 were performed using Student's t-test. A threshold of p<0.05 was used to establish significance.
RESULTS
TauΔC is cleared more rapidly from the cell than FL-tau-A Tet-on turnover assay was used to determine the relative rates of clearance of FL-tau and tauΔC. Cells were incubated with doxycycline for 48h, followed by a thorough wash with PBS and continued incubation in doxycycline-free media. Lysates were collected at the indicated time points over the next 36h, and immunoblotted for tau (Fig. 1A ). In addition, mRNA levels for FL-tau and tauΔC were also analyzed by qRT-PCR after doxycycline withdrawal, and no differences in the decay rate of mRNA were detected (data not shown). Furthermore, tau mRNA was completely absent from the cell 6h after doxycycline withdrawal, well before the first assay point. The amount of FL-tau or tauΔC remaining in the lysate was normalized to the amount present at the point doxycycline was removed (t=0). TauΔC was cleared from the cell much more quickly than FLtau (t½= 7.7h vs 20.5h for FL-tau). This half-life for FL-tau compares favorably with previous pulse-chase assays that were carried out in PC12 cells (44) , validating the model for use in experiments to further define the differences in the turnover of FL-tau and tauΔC. Epoxomicin attenuates the degradation of FL-tau, but not tauΔC-Previous studies have suggested that tau can be degraded by the proteasome in an ubiquitin-dependent (19, 20) and -independent manner (22) . To determine the contribution of proteasome to the degradation of FL-tau and tauΔC, the turnover assay was carried out in the absence or presence of 12.5 nM epoxomicin. Epoxomicin was selected because it is an irreversible, potent, and selective inhibitor of the proteasome (45) . Prior to carrying out the turnover studies, the effect of epoxomicin on cell viability was determined. The viability of cells was 95.2±3.2% of untreated control after 36h of treatment with epoxomicin indicating that toxicity would not be a confounding factor. Treatment of cells with epoxomicin decreased the degradation of FL-tau at 12 and 24h, but did not affect the degradation of tauΔC (Fig. 2) . To ensure that there were similar amounts of proteasome activity between cell lines, lysates were incubated with the substrate of proteasomal trypsin-like activity, Bz-VGR-AMC. Surprisingly, the relative proteasome activity of tauΔC cells were slightly elevated (FLtau: 100±4.2%, tauΔC: 125.7±5.3%), The proteasome activities of both cell lines were equally suppressed by addition of epoxomicin. This further underscores the specificity of the proteasomal degradation of FL-tau.
Similar results were obtained with 1 μM MG132 (i.e., the degradation of FL-tau but not tauΔC was inhibited), however we did not include this data due to the fact that this treatment was toxic to the cells (viability was 29.1±3.5% after 36h of treatment) (Fig. S1) . Inhibition of macroautophagy attenuates the degradation of tauΔC, but not FL-tau-It has been reported that tau can be degraded through the lysosome (33, 46) , and more recently a report has suggested that an aggregate-prone fragment of tau is degraded through chaperone-mediated autophagy (34) . To determine the role of the lysosomal degradation pathway in the clearance of FL-tau and tauΔC, an inhibitor of macroautophagic induction, 3-MA, was used in the turnover assay (Fig. 3A) . Treatment of FL-tau or tauΔC expressing cells with 10 mM 3-MA for 36 h resulted in viability of 67.1±3.8% compared to untreated cells. Treatment with 3-MA resulted in the inhibition of turnover of tauΔC at all time points, but failed to significantly decrease the rate of FL-tau degradation (Fig. 3B) . There was an anomalous, but significant, increase of FL-tau levels 12h after 3-MA application, but this was not sustained for the remaining assay period. To further confirm the selective role of autophagy in the clearance of tauΔC, but not FL-tau, chloroquine was also used in the turnover assay (Fig. 3C ). Chloroquine is a downstream inhibitor of the fusion of autophagic vacuoles with lysosomes, so can be used to assess the accumulation of substrates normally removed by lysosomal degradation (47) . Cell viability was not significantly affected by treatment with 10 μM chloroquine for 36h (91.5±4.2% viability compared to untreated controls). Like 3-MA, chloroquine treatment attenuated the clearance of tauΔC, but had no effect of the clearance of FL-tau (Fig. 3D) . The ability of both cell lines to appropriately respond to both 3-MA and chloroquine was verified by immunoblotting LC3-II and p62. The amounts of both autophagic markers increased with addition of chloroquine, and this increase was blocked by concomitant treatment with 3-MA (Fig. S2A) . TauΔC is preferentially ubiquitylated by CHIP in vitro-Previous reports have proposed that tau is ubiquitylated by a complex which includes CHIP (20) . To determine if tauΔC is ubiquitylated, in vitro ubiquitylation assays were carried out using CHIP as an E3 ligase. FL-tau and tauΔC immunoprecipitated from cell lysates were used as the substrates in order to capture the physiological post-translational modifications which would be absent if non-eukaryotic production/purification systems were used. When FL-tau and tauΔC were incubated with a reconstituted ubiquitylation complex, tauΔC was clearly ubiquitylated much more readily than FL-tau (Fig. 4) , with immunoreactive bands of equivalent molecular weights on membranes blotted for both HAubiquitin and tau. Control reactions in which tau, ATP, and/or CHIP were not added confirmed the specificity of the ubiquitylation reaction. In addition, reactions terminated after 15 min revealed differentially ubiquitylated forms of tauΔC while after 60 min the majority of the tauΔC was converted into an insoluble aggregate that was detected as a single tau-and HAimmunoreactive band present in the stacking gel (Fig. 4) .
TauΔC preferentially interacts with CHIP-
Previous studies have determined that tau interacts with CHIP (19, 20) , therefore coimmunoprecipitation experiments were carried out using this cell model to both corroborate these previous findings and also determine whether tauΔC interacts with CHIP. To our surprise, tauΔC interacted much more strongly with endogenous CHIP than did FL-tau (Fig. 5A ). Lanes loaded with equal amounts of cell lysate are shown on the right-hand side of blots to demonstrate that the cells express the same amount of endogenous CHIP.
Neither FL-tau nor tauΔC is ubiquitylated in situ-
Previous studies have shown that tau coimmunoprecipitates with ubiquitin (20) in situ, and this co-immunoprecipitation may be enhanced due to either tau phosphorylation (19) or the inclusion of a fourth microtubule-binding repeat (48) . In those previous studies, the coimmunoprecipitation of ubiquitin immunoreactivity with tau was interpreted as an indication that tau was ubiquitylated, despite the absence of high molecular weight tau immunoreactive bands. Given that tauΔC is more efficiently ubiquitylated in vitro when compared with FL-tau, an in situ ubiquitylation assay was next performed to assess the physiological relevance of our previous in vitro results. First, immunoprecipitation with the tau5 antibody was carried out in FL-tau-and tauΔC-expressing cells that were transfected with HA-ubiquitin and incubated in the absence or presence of epoxomicin. After washing immunoprecipitates with low stringency wash buffer, we detected readily observable high molecular weight HAubiquitylated species, although the HA immunoreactive bands did not overlap the tau immunoreactive bands (Fig. 5B, left panels) . To verify that the E3-ligase activity of exogenous myc-CHIP was present, we also carried out in situ ubiquitylation assays targeted towards Hsc/p70, which has been previously identified as a CHIP substrate (49) . HEK cells transiently transfected with myc-CHIP and incubated in the absence and presence of epoxomicin and immunoprecipitations were carried out with an HA antibody (Fig. 5b , right panels). The immunoprecipitates were blotted for Hsc/p70, and discrete bands were visible just above the unmodified protein from cells transfected with myc-CHIP, indicating ubiquitylation. These bands, which are at a lower molecular weight and discrete, were distinct from the high-molecular weight ubiquitin apparent in the tau immunoprecipitates.
To test if similar discrete HA-and tauimmunopositive bands could be detected when tau-expressing cells were treated with epoxomicin in the presence of CHIP, naïve cortical cells were transiently transfected with plasmids for FL-tau or tauΔC as well as HA-ubiquitin in the absence or presence of myc-CHIP. After immunoprecipitation of tau, precipitates were thoroughly washed with a high-stringency wash buffer to completely remove co-precipitating proteins which could contribute to the presence of ubiquitin immunoreactivity that was not due to the ubiquitylated state of tau. The reverse immunoprecipitation was also performed using an HA antibody. Both approaches demonstrated that neither FL-tau or tauΔC were ubiquitylated in the cells (Fig. 5C ) as was evident in the absence of co-precipitating immunoreactivity as well as the absence of high molecular weight species in both tau and HA blots. TauΔC expression induces autophagy-These findings indicate that tauΔC is being degraded through macroautophagy. Given that other aggregative proteins can induce autophagy merely through their expression (50), the autophagic levels of cortical cells expressing FL-tau or tauΔC were determined. Cells were transfected with GFP-LC3, and FL-tau or tauΔC expression was induced. After 48h of expression, some cells were further treated with 20 nM bafilomycin A1 in nutrient starvation conditions (HBSS) to both induce autophagy and inhibit autophagic vacuole fusion, in order to determine a maximal level of autophagy (Fig. 6A ). Cells were scored for autophagic phenotype as described in Experimental Procedures, and the fraction of transfected cells with an autophagic phenotype was determined (Fig. 6B) 
DISCUSSION
Abnormal posttranslational processing of tau is a key feature of AD. Tau truncated at Asp 421 (tauΔC) is readily detectable in AD, but not control, brains (7), and there is significant data to suggest that this form of tau is toxic to cells (16, 17, 51) . Therefore understanding the processes that regulate the turnover of this pathologically modified form of tau is of importance. In this study we provide clear evidence that FL-tau and tauΔC undergo turnover in the cell through different pathways. Removal of the last 20 amino acids of tau is sufficient to shift the clearance pathway from one that is primarily dependent on the proteasome to one that is more dependent on autophagy; this 20 amino acid truncation also substantially decreases the half life of tau. Autophagy pathways have been reported to be compromised in AD brain (52), which could thus contribute to the pathological accumulation of tauΔC. Our studies are in agreement with previous findings suggesting that although tau is degraded by the proteasome, it is in an ubiquitylationindependent manner (21, 22) . The shifting degradative pathways described are accompanied by the increased association of CHIP and tauΔC, and the absence of in situ ubiquitylation of both FL-tau and tauΔC. At this point it is still unclear why increased coimmunoprecipitation of tauΔC and CHIP is associated with a decrease in the dependence of tauΔC clearance on proteasome-mediated degradation. A previous study showed that tauΔC accumulates in the absence of CHIP in a knockout mouse model, though it should be noted that the accumulation of tauΔC in this study was accompanied by a concomitant increase in the level of activated caspase-3 (25) . Therefore it cannot be ruled out that in that study, the increase in tauΔC attributed to the deletion of CHIP is not due to changes in degradation, but rather to an increase of tauΔC production.
Though lysosomal and autophagic degradation pathways have long been considered to be the cell's preferred means of clearing longlived proteins (53) , recent studies on the removal of aggregative proteins involved in neurodegeneration have indicated that proteins with short half-lives are also turned over through autophagy pathways (54) . Conversely, the proteasomal pathway which is often involved in the rapid and tightly regulated degradation of proteins involved in transcription and the cell cycle (55) , can also contribute to clearance of more stable long-lived proteins (56) . Accordingly, we describe a model in which the rapid clearance of tauΔC (Fig. 1) can be clearly attributed to macroautophagy (Fig. 3) , while the slower turnover of FL-tau is attributed to proteasomal degradation (Fig. 2) . More specifically, the slower proteasomal degradation of FL-tau is due to ubiquitin-independent degradation by the 20S proteasome, a finding which parallels the previous description of the slow 20S proteasome-dependent clearance of oxidized proteins (57) .
It can be suggested that tauΔC's increased aggregative potential, and/or its modified microtubule binding capacity (15) could contribute to the fact that it is primarily degraded through the autophagy rather than the proteasome pathway. Evidence for the increased aggregative capacity of tauΔC has been demonstrated through its increased MC1 immunoreactivity (7), which surprisingly occurs while tauΔC also displays decreased PHF-1 immunoreactivity (15) . Previous studies have suggested that a decrease in the microtubule binding capacity of tau isoforms may lead to an increase in tau turnover (44) . It therefore can be suggested that that if tauΔC binds microtubules less efficiently than FL-tau than this may increase its potential to oligomerize and this misfolding and oligomerization may make tauΔC a favorable macroautophagy substrate, as occurs with huntingtin (58).
Previous studies have clearly demonstrated that tau and CHIP interact (19, 20) and in this study we provide evidence that CHIP interacts with tauΔC to an even greater extent than FL-tau. Those previous studies focused primarily on CHIP's role as an E3 ligase with tau as the substrate. Although this is certainly the case in vitro, it needs to be considered that this may not be the primary function of CHIP in situ. For example, it is well documented that CHIP can act as a stabilizing factor (59) . Therefore CHIP may be interacting with tau to maintain it in a proper conformation, especially given its natively unfolded nature and propensity for aggregation (3, 60) , which is even more of a factor with tauΔC (35) . In support of the supposition that CHIP has other roles in the cell besides ubiquitylating substrates to target them to proteasomal degradation is the finding that substrates previously identified as clients of CHIP are degraded just as readily in its absence (61) . The same study also described the in vitro ubiquitylation of nNOS, a previously identified CHIP substrate, as occurring readily in the presence of a CHIP-null extract. In another study, CHIP's protective role in response to heat shock was shown to be independent of its ubiquitin ligase activity, and that interaction with chaperones such as Hsp70 and Hsp90 was far more important to its protective function (62) . In fact, it has been documented that tau readily interacts in complex with Hsp70 and Hsp90 (63) . These studies, combined with the finding that tau and tauΔC are ubiquitylated in vitro but not in situ by CHIP, suggest the possibility that the non-E3 ligase functions (e.g., its ability to recruit cochaperones (64)) of CHIP may be of more significance when evaluating the tau-CHIP interactions. If this is the case, it would not be surprising that CHIP preferentially bound the less stable and more aggregative tauΔC compared to FL-tau.
The specific ubiquitin activating enzyme, or E2, that is associated with CHIP may also affect its substrate selection, and the identity of the elements of this E2/E3 protein complex may also vary the specific class of isopeptide linkages formed in the ubiquitin chains. In particular, it has been found that CHIP complexed with UbcH5, a particular class of E2 enzymes, results in forked ubiquitin chains that are unable to be digested by the proteasome (28) . Furthermore, this same study demonstrated that CHIP readily catalyzes the formation of Lys 63 -linked ubiquitin chains in the presence of a different E2, UbcH13/Uev1a. The E2 UbcH5b was identified as the E2 that associates with tau and CHIP in vivo (19) , indicating that if CHIP is ubiquitylating tau in AD brain this may in fact decrease its ability to be degraded by the proteasome. It is important to note that most studies of CHIP-mediated tau ubiquitylation (including our own) use the UbcH5 family of E2 ligases to catalyze ubiquitin chain formation.
While pharmacological inhibition of the proteasome prevented tau degradation, it had no effect on the degradation of tauΔC. However, autophagic inhibitors significantly inhibited the turnover of tauΔC. 3-MA, one of the few commercially available inhibitors that functions as an upstream inhibitor of macroautophagic induction, was used in addition to the downstream inhibitor of the fusion of AVs and lysosomes, chloroquine. Given that these two different autophagy inhibitors gave the same result strongly implicates macroautophagy as the preferred pathway of tauΔC clearance. A recent study has suggested a role for chaperone-mediated autophagy (34) in tau clearance, though it is important to note that in this study a tau construct of just the microtubule binding domains was the primary substrate. Another study provided data indicating that the lysosome played a role in the clearance of tauΔC through the use of lysosomal protease inhibitors after treatment with the inflammatory product prostaglandin J2 (33) . Our results are in concordance with both of these studies, in that there appears to be a clear role for the lysosome in the degradation of tauΔC, which is more aggregative and induces stress more than FL-tau.
Our findings also demonstrate that expression of tauΔC is sufficient to increase the autophagic phenotype as defined by the appearance of cells with increased GFP-LC3 punctae (Fig. 6 ). These findings suggest that the generation of tauΔC in AD may contribute to the increase in the presence of AVs in AD brain. Because the expression of FL-tau in the same cell model does not drive a similar increase of autophagic activity, this is likely not a general response due simply to protein overexpression or other confounding factors. Further, it argues for the specificity of the autophagic response to tauΔC. The possibility that the cell lines utilized had differing maximal capacities for autophagic activity was invalidated by inducing the maximal appearance of GFP-LC3 punctae with a combination of nutrient deprivation and pharmacological blockage of AV fusion (Fig. 6) , which results in identical numbers of cells with increased punctae.
Our study demonstrates that a physiological form of tau is preferentially degraded by the proteasome, while a pathological form that is more aggregative and toxic (tauΔC) is apparently not processed by the proteasome, but instead degraded by the lysosome through macroautophagy. This pathway shift takes place in the complete absence of the direct ubiquitylation of tau. Though here the clearance of tauΔC readily occurs, it should be noted that the autophagic response in the cell model is robust and responsive to cell stress. As noted, close ultrastructural examination of AD brain has shown an accumulation of autophagic vacuoles, which may indicate a flaw in the vesicle fusion step of the autophagic process (29) . In addition, lower levels of Beclin-1, a key macroautophagy regulator, have been described in AD brain (30) . Finally, microtubule dynamics have reported to be compromised in AD, which would impair the ability of autophagic vacuoles to migrate to lysosomes for degradation (65) . Taken together, these key findings indicate an inability of macroautophagy to proceed to completion in AD brain. If autophagy cannot proceed to completion, then the processes we describe here for the removal of tauΔC would be subverted and lead to the accumulation of tauΔC in compromised neurons. This accumulation could contribute further to AD neurodegeneration. Lysates were collected every 12 h thereafter. Collected lysates were immunoblotted for total tau using Tau5 antibody. The membranes were also reprobed with a β-actin antibody as a loading control. B, Quantification of relative levels of tau remaining after cessation of doxycycline treatment described in (A). The amount of tau was normalized to β-actin levels, and then expressed as the percentage compared to tau/actin at t=0. T ½ is the time at which 50% of FL-tau or tauΔC is remaining and is indicated as vertical droplines. For FL-tau, t ½ =20.5h; for tauΔC, t ½ =7.7h. Data points are means ±SEM collected from seven independent experiments. p<0.05 between FL-tau and tauΔC at all data points. Lysates were collected every 12 h and immunoblotted for total tau using Tau5 antibody. The membranes were also reprobed with a β-actin antibody as a loading control. B, Quantification of data described in (A). Results are shown as means ±SEM collected from four independent experiments. There was a significant difference in FL-tau levels (p<0.05) between vehicle and epoxomicin-treated FL-tau sample groups at 12 and 24 hr. 
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